The TREX complex (TREX) plays key roles in nuclear export of mRNAs. However, little is known about its transcriptome-wide binding targets. We used individual cross-linking and immunoprecipitation (iCLIP) to identify the binding sites of ALYREF, an mRNA export adaptor in TREX, in human cells. Consistent with previous in vitro studies, ALYREF binds to a region near the 5 end of the mRNA in a CBP80-dependent manner. Unexpectedly, we identified PABPN1-dependent ALYREF binding near the 3 end of the mRNA. Furthermore, the 3 processing factor CstF64 directly interacts with ALYREF and is required for the overall binding of ALYREF on the mRNA. In addition, we found that numerous middle exons harbor ALYREF binding sites and identified ALYREF-binding motifs that promote nuclear export of intronless mRNAs. Together, our study defines enrichment of ALYREF binding sites at the 5 and the 3 regions of the mRNA in vivo, identifies export-promoting ALYREF-binding motifs, and reveals CstF64-and PABPN1-mediated coupling of mRNA nuclear export to 3 processing.
INTRODUCTION
Eukaryotic gene expression is a complicated multi-step process that begins with transcription. Newly transcribed premRNAs need to undergo several processing steps, including capping at the 5 end, splicing to remove introns, and polyadenylation at the 3 end. The mature mRNAs are then transported from the nucleus to the cytoplasm for translation into proteins. Nuclear export of mRNAs is a key step in eukaryotic gene expression that is physically and functionally coupled to transcription and pre-mRNA processing steps (1) (2) (3) (4) (5) (6) (7) (8) (9) . This coupling on one hand enhances mRNA export efficiency, and on the other hand might ensure that only fully processed mRNAs and packaged into mRNP can be exported to the cytoplasm for translation (10) (11) (12) (13) (14) .
The TREX complex (TREX) is one of the key players in mRNA export. It mainly contains three parts, including the THO sub-complex, the RNA helicase UAP56, and the RNA-binding protein ALYREF (2, 5, 15, 16) . In yeast, TREX is recruited co-transcriptionally (2, 3, 17) , whereas in humans, it is recruited during a late step of splicing (5) . Based on this evidence, mRNA export is thought to be coupled to transcription in yeast and is directly coupled to splicing in metazoans. Consistent with this view, splicing has been shown to promote both TREX recruitment and mRNA export in both Xenopus oocyte and in mammalian cells (1, 5, 18) .
In yeast, the binding of the ALYREF homologue, Yra1, to the mRNA is highest at the 5 end and decreases towards the 3 end (19) . In humans, the whole TREX complex is recruited to a region near the 5 end of the mRNA (20, 21) . This recruitment is achieved through the interaction of TREX components ALYREF and THO with the nuclear cap-binding complex (CBC) (16, 20, 21) . This 5 specific binding was observed with in vitro synthesized pre-mRNAs that was not polyadenylated. Accumulating evidence supports the link between polyadenylation and mRNA export (6, 8, 22, 23) . In yeast, the CF1A component, Pcf11, interacts with Yra1 and enhances its recruitment (6) . In mammals, the CFI subunit CFI-68 directly interacts with the mRNA export receptor NXF1 and promotes mRNA export (8) . In Nucleic Acids Research, 2017, Vol. 45, No. 16 9641 addition, the THO component, THOC5, was shown to associate with several 3 processing factors and regulate alternative polyadenylation of a subset of genes (22, 23) . However, whether these interactions affect TREX recruitment in human cells remains to be investigated.
By linking mRNA export to transcription and premRNA processing, TREX exerts vital roles in the gene expression pathway. TREX is essential for embryogenesis, organogenesis and cellular differentiation (22, 24) , and has also been implicated in viral infections, cancer, neurotoxicity and intellectual disability (25) (26) (27) (28) (29) . Thus, a greater understanding of TREX binding on RNAs is important for appreciating the potential impact of the complex on gene expression regulation.
In the TREX complex, ALYREF acts as an mRNA export adaptor by mediating the interaction between the mRNA and the mRNA export receptor NXF1 (30, 31) . ALYREF harbors a canonical RNA-binding motif and has been shown to directly bind RNAs (32, 33) . Thus, to obtain a global view for TREX-binding on RNAs, we identified the transcriptome-wide binding sites of the human ALYREF. We found that, consistent with its master role in mRNA export, the vast majority of ALYREF binding sites reside in exonic sequences of mature mRNAs. In agreement with previous in vitro studies (20, 21) , ALYREF shows a clear enrichment at a region near the 5 end of mRNA in a CBP80-dependent manner. Unexpectedly, in vivo, ALYREF also binds a region near the 3 end of the mRNA, and PABPN1 is specifically required for this binding. Furthermore, we uncovered the ALYREF-CstF64 interaction as a novel link between mRNA export and the 3 processing machinery that significantly enhances the overall binding of ALYREF on the mRNA. In addition, we identified specific ALYREFbinding motifs that enhance intronless mRNA export. Together, our data demonstrate how ALYREF associates with the mRNA and show that ALYREF is likely recruited to mRNAs not only by CBC, but also by PABPN1 and the 3 processing machinery.
MATERIALS AND METHODS

Plasmids and antibodies
The Smad (cS) and ␤-globin (cG) cDNA constructs were described previously (34) . The cS-control, cS-(AGGUA) 5 and cS-(CUUCG) 5 plasmid were constructed by inserting the annealing oligo containing 5 tandem repeats of the control motif (UAAAA) or ALYREF-binding motif (AGGUA or CUUCG) between XbaI and ApaI sites of the Smad cDNA plasmid. The same strategy was used to make the cG-control, cG-(AGGUA) 5 and cG-(CUUCG) 5 plasmids. The ALYREF antibody was raised against full-length GST-ALYREF (Abclonal). Antibodies against PABPN1 (Abclonal), CBP80 (Abclonal), CstF64 (Bethyl), CPSF1 (Abcam), CPSF3 (Bethyl) or 6*His (Abclonal) were purchased.
Cell culture, DNA transfection and RNAi
HeLa cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Biochrom). Plasmid DNAs were transfected using Lipofectamine 2000 (Invitrogen), and siRNAs were transfected with RNAimax (invitrogen). The siRNA sequences are listed in Supplementary Table S4 .
iCLIP-seq
The iCLIP assay was carried out as described (35, 36) . Briefly, HeLa cells were irradiated with UV light at 300 mJ/cm 2 . After cell lysis, RNAs were partially fragmented using high (5 U/ml) or low (0.5 U/ml) concentrations of RNase I, followed by IPs with or without (no antibody control) 10 g of the ALYREF antibody immobilized on protein A Dynabeads (Life Technologies). After extensive washing, immunoprecipitated RNAs were ligated at the 3 ends to a RNA adapter and radioactively labeled by T4 polynucleotide kinase (Fermentas). The protein-RNA complexes were then transferred to a nitrocellulose membrane. For iCLIP cDNA library preparation, fragmented RNAs were purified and reverse-transcribed with a primer containing a barcode. The resulting cDNAs were purified by PAGE, circularized by single-stranded DNA ligase (Epicentre), linearized by restriction enzyme cleavage, and amplified by PCRs. High-throughput sequencing of iCLIP cDNA libraries from three biological replicates was performed on one lane of an Illumina hiseq 2000 flow cell with a 100 nt run length. The ALYREF iCLIP experiments in control, CBP80, and PABPN1 knockdown cells were performed on an Illumina hiseq 2000 flow cell with a 150 nt run length. The ALYREF iCLIP experiments in control and CstF64 knockdown cells were performed on an Illumina hiseq X-10 flow cell with a 150 nt run length. Hiseq sequencing reads of iCLIP experiments and filtered crosslink sites were deposited to NCBI GEO database (GSE99069).
iCLIP-seq data analysis
iCLIP data were analyzed according to a published method (37, 38) . Briefly, jemultiplexer (version 1.0.0) from the Galaxy environment was used to demultiplex the different experiments by their sample barcodes. The reads containing parts of the 3 Solexa primer were trimmed from the 3 end using fastx-toolkit. These iCLIP reads after random barcode evaluation and barcode removal, were mapped to the human genome (hg19) using bowtie2, allowing 2 mismatches. Only uniquely mapped reads were used for further analysis. The first nucleotide in the genome upstream of a mapping cDNA tag was defined as 'cross-link nucleotide', and the total of corresponding cDNA sequences was defined as 'cDNA count' at this site. The clustered binding sites were identified using the filtering algorithms (37) . We performed the evaluation of clustered binding sites with the recommended default parameters (FDR < 0.05, cluster sites within a window of 10 nts). Only the cluster binding sites and the cluster cDNA tag were used in further analyses.
Reproducibility among three independent biological replicates was examined by pearson correlation analysis. Only iCLIP binding sites with high confidence, existing in two of three replicates, were used in further analysis (allow 5 nt deviation). Genomic annotations of mRNA exon, mRNA intron and intergenic region were based on the Ensembl Gene Track form UCSC database. For genes with dif-ferent isoforms, the longest transcripts were used as representative mRNAs.
The length of mature mRNA was evenly divided into 2000 bins to examine the distribution of ALYREF binding sites. Permutation sample of binding sites distribution was generated by randomizing all binding sites with 99% confidence.
The base line in grey indicated the occurrence of binding site at each bin in permutation sample. The regions above the base line are defined as enrichment peaks of ALYREF bindings. All the source codes for scripts used for analyzing the data are provided as supplementary material.
Motif analysis
To identify ALYREF-binding motifs in the iCLIP dataset, we evaluated the occurrence of all pentamers within a -30 nt to +30 nt window around the binding sites excluding the binding sites in the 5 and the 3 regions. The positions of cross-linking sites were randomized within the same regions of the gene to establish random library. The enrichment of each pentamer was determined by comparing the occurrence of each pentamer around the binding sites (occurrence in iCLIP library) with at randomized cross-linking positions. Pentamers were then ranked by their enrichment, and the top 14 pentamers are shown in Figure 5B (enrichment rate > 2.5).
Reverse transcription and PCRs
Total RNAs were extracted using TRI Reagent (Sigma) and treated with the RNase-free RQ DNase I (Promega) for 2 h at 37
• C. After phenol/chloroform extraction and ethanol precipitation, RNAs were reverse transcribed with M-MLV reverse transcriptase (Promega). For qPCRs, cDNAs were amplified using GoTaq qPCR Master Mix (Promega) according to the manufacturer's protocol. RT-qPCRs were carried out following the MIQE guideline, and MIQE checklist is provided in supplementary material. For PCRs, cDNAs were amplified using KOD-plus DNA polymerase (Toyobo). Primers sequences are listed in Supplementary  Table S5 .
Electrophoretic mobility shift assay (EMSA)
The 32 P-labeled RNAs containing five tandems repeats of motif UAAAA (as control), AGGUA or CUUCG were generated by in vitro transcription using the T7 RNA polymerase. 0.1 pmol of 32 P-labeled RNA (∼2000 cpm) were mixed with 4 l of binding buffer (8 mM MgCl 2 , 0.25 g/l tRNA, 4 U RNasin), 1.2 l of native loading buffer (60% glycerol, 0.1% bromophenol blue, 0.1% xylene cyanol), and 6 l of 0 pmol, 3 or 10 pmol of GST or GST-ALYREF. After incubation at 37
• C for 15 min, 10 l of the mixture was loaded into a 5% native gel. Radioactivity was detected by PhosphorImager.
Fluorescence in situ hybridization (FISH)
After fixation with 4% PFA in 1× PBS, cells were permeabilized with 1× PBS/0.1% Triton for 15 min. Following two washes with 1× SSC/50% Formamide, the cells were incubated with the 70 nt vector probe at 37
• C for 12 h which were labeled at the 5 end with Alexa Fluor 488 NHS Ester and high-performance liquid chromatography purified. The probe sequence is AAGGCACGGGGGAG GGGCAAACAACAGATGGCTGGCAACTAGAAGG CACAGTCGAGGCTGATCAGCGGGT. Images were captured with a DP72-CCD camera (Olympus) on an inverted microscope using DP-BSW software (Olympus). FISH quantitation was carried out using ImageJ 1.33u software (National Institutes of Health). N/T ratios were calculated as described (18) .
Immunoprecipitations
For each assay, 10 6 cells were suspended with 250 l of IP buffer (1 × PBS, 0.1% Triton, 50 U/ml RNase A, 0.2 mM PMSF and protease inhibitor). The lysates was centrifuged at 13 000 g for 15 min. The supernatant was mixed with 20 l of antibodies cross-linked to protein A beads. The mixtures were rotated overnight at 4
• C, followed by four washes with 1.5 ml of IP buffer. Proteins were eluted with sodium dodecyl sulfate (SDS) loading buffer. Samples were separated by SDS-PAGE, followed by western blotting.
GST pull-downs
All the recombined fusion proteins (GST tag or His tag) were expressed in Escherichia coli and purified. For each pull down reaction, 8 g of purified GST-eIF4A3 or GST-ALYREF bound to 20 ml of Glutathione Sepharose 4B was mixed with 8 g of His-CstF64 or His-Cntl (His-KIT) protein in pull-down buffer (1 × PBS with 0.1% Triton, 0.2 mM PMSF, 50 U/ml RNase A and protease inhibitor). The mixtures were rotated overnight at 4
• C and beads were washed for five times. Proteins were eluted with SDS loading buffer, separated by SDS-PAGE, followed by staining with Coomassie blue and western blotting.
Nuclear and cytoplasmic RNA preparation
Nuclear and cytoplasmic fractionation was carried out as described (39) . Briefly, 4 × 10 5 of HeLa cells were suspended in 1 ml of lysis buffer (10 mM Tris at pH 8.0, 140 mM NaCl, 1.5 mM MgCl2, 0.5% Igepal, 2 mM VRC) and incubated for 5 min on ice. The lysate was centrifuged at 1000 g for 3 min at 4
• C, and the pellet and the supernatant were kept as the nuclei and the cytoplasmic fraction, respectively. To obtain pure cytoplasmic RNA, the supernatant fraction was further centrifuged at 13 000 rpm for 10 min at 4
• C and then collected carefully to a new tube. To obtain pure nuclear RNA, the nuclear pellets were subjected to one additional wash with 1 ml of lysis buffer containing 0.5% deoxycholic acid and one additional wash with the lysis buffer. Finally, the purified nuclei were re-suspended in 100 l of lysis buffer. Nuclear or cytoplasmic RNAs were extracted using TRI Reagent (Sigma).
RNA-seq
PolyA RNAs were isolated using NEBNext ploy(A) mRNA magnetic isolation module (NEB), and the libraries were generated using NEBNext Ultra directional RNA library prep kit (NEB). RNA-seqs were performed on an Illumina hiseq 2000 flow cell with a 150 nt run length. Reads were trimmed with fastx-toolkit, and mapped against human genome (hg19) with Tophat2, and gene expression was quantified by RPM using HTseq (40) . Input of iCLIP samples were sequences similarly except that instead of polyA RNA enrichment, rRNAs were depleted using the NEBNext rRNA depletion kit (NEB). RNA-seq data are available at NCBI GEO database (GSE99069).
Northern blotting
10 g of nuclear or cytoplasmic RNAs was fractionated on 13% urea-PAGE gel and transferred to positively charged nylon membrane (GE). After cross-linking by UV irradiation, the membrane was hybridized with PerfectHyb plus hybridization buffer (Toyobo) containing 10 ng/l of 32 P-end-labeled DNA oligonucleotide probe to U6 snRNA or tRNA −lys at 42
• C overnight. The probe sequences are shown in Supplementary Table S6 .
RESULTS
ALYREF iCLIP reveals its specific RNA-bindings in vivo
To analyze transcriptome-wide binding of the key mRNA export adaptor ALYREF, we performed iCLIP-seq in HeLa cells using an ALYREF antibody. ALYREF-RNA complexes shifting upwards from the size of ALYREF were apparently observed ( Figure 1A , lane 6), and the shift was less pronounced in the presence of high concentration of RNase I ( Figure 1A , lane 5). The radioactive signal significantly decreased when ALYREF was knocked down ( Figure 1A , lanes 7-8), and disappeared when cells were not cross-linked ( Figure 1A , lanes 1 and 2) or no antibody was used in immunoprecipitation (IP) ( Figure 1A , lanes 3 and 4). We purified, reverse-transcribed and PCR-amplified cross-linked RNAs present in the ALYREF immunoprecipitates, using those present in no antibody samples as a quality controls ( Figure 1 , boxed regions; Supplementary Figure S1A ). These RNAs as well as RNAs extracted from the iCLIP inputs were sequenced. To access experimental variation, this experiment was biologically repeated in triplicate.
In total, high-throughput sequencing generated 15.6, 10.8 and 20.4 million raw reads from ALYREF iCLIP1, iCLIP2 and iCLIP3, respectively (Supplementary Table S1 ). After the elimination of PCR amplification artifacts and mapping to the human genome, in total 930 479 crosslinking nucleotides were identified in the three replicates of ALYREF iCLIP, each representing a uniquely crosslinked RNA molecule. To reduce false positive hits and to increase the resolution of the data, we applied filtering algorithms to identify clustered binding sites (36, 37) . In the these ALYREF iCLIP samples, we identified 554,350 clustered binding sites (FDR < 0.05) in total. In contrast, in no antibody controls, only 302,241 cDNAs from all biological triplicates were mapped to the human genome, and 17,643 clustered binding sites were identified. We used cDNAs or the clustered cross-linking nucleotides located at clustered binding sites for further analysis.
To validate the reproducibility of our data, we examined the correlation of ALYREF binding sites per gene between biological replicates and found a high level of reproducibility between experiments (Spearman correlation coefficient; R > 0.90 for all comparisons) ( Figure 1B ). This consistency between replicates allowed us to merge these biological replicates. Note that only iCLIP binding sites with high confidence, existing in two of three replicates, were used in further analysis.
ALYREF mainly binds mature mRNAs in vivo
To obtain a first overview of the ALYREF binding, we analyzed the distribution of ALYREF clustered binding sites in the human genome by defining four regions (mRNAexons, mRNA-introns, lncRNAs, etc.). 85.5% of ALYREF binding sites were located in mRNA-exons, and 11.4% were distributed to mRNA-introns ( Figure 1C , right pie). The rest 3.1% were located in long noncoding RNAs (lncRNAs) and other RNAs. To establish an accurate reference for ALYREF binding specificity, we analyzed RNA-seq data for the iCLIP inputs. In total, we obtained ∼23 million uniquely mapped reads ( Figure 1C , left pie), among which 43.6% were overlapped with mRNA-exons and 30.5% were mapped to mRNA-introns ( Figure 1C , left pie). Relative to the abundance in RNA-seq data, ALYREF binding on exons were apparently enriched, indicating that ALYREF mainly binds to of mRNA-exons in vivo.
To examine whether ALYREF mostly binds exons of premRNAs or spliced mRNAs, we selectively computed iCLIP cDNAs mapping to exon/exon junctions or exon/intron junctions. As shown in Figure 1D , in all three replicates, >80% of iCLIP cDNAs were mapped to exon/exon junctions, indicating that ALYREF mainly binds mature mRNAs in vivo. This result is consistent with previous in vitro studies on TREX recruitment (5, 16, 20) . Together, we conclude that ALYREF mainly binds mature mRNAs globally.
ALYREF is enriched at the 5 and the 3 regions of the mRNA
Previously, using in vitro transcribed RNAs lacking a polyA tail, we found that ALYREF mainly binds a region near the 5 end of the mRNA (20) . Similarly, PAR-CLIP of Yra1, the yeast counterpart of ALYREF, revealed that it binds to about the 5 half of the mRNA (19) . To examine where ALYREF binds on the mRNA globally, mature mRNAs were binned into 2000 discrete units, and ALYREF binding sites across each bin were calculated. Consistent with the previous studies in HeLa nuclear extract and in yeast (20) (19), we found a clear enrichment of ALYREF binding sites at the 5 region of the mRNA (Figure 2A ). This enrichment forms a specific ALYREF binding peak in the 5 one third of the mature mRNA (Figure 2A ). Note that when input sequencing reads were mapped across these 200 units, no such enrichment was detected (Figure 2A ). Different from previous observation that ALYREF mainly binds the 5 most exon (19) , we found that the 5 ALYREF-binding peak did not mostly fit into the first exon ( Figure 2A ; see Discussion).
In addition to the 5 peak, unexpectedly, we found an apparent ALYREF binding peak at the 3 region (Figure 2A most exon, we found that this 3 peak (90.1-100%) was located in the 3 most exon (81-100%). This result indicates that ALYREF is also recruited to the 3 end of the mRNA in vivo. In addition, compared to the controls, ALYREF binding sites were also apparent in the middle region of the mRNA (Supplementary Figure S1B) , indicating that ALYREF might also bind middle exons in vivo.
ALYREF binds different regions on individual mRNAs
With the ALYREF general binding rule in mind, we next looked into details for ALYREF binding on individual mRNAs. ALYREF clustered binding sites were apparently and reproducibly detected on 3647 mRNAs in total. According to ALYREF binding at the 5 , the 3 , and the middle regions, mRNAs fall into 5 categories ( Figure 2B ). In the first category (1221, 33%), ALYREF binds at all of these three regions. The DDX17 mRNA shows a typical example for this category ( Figure 2C ). The second category (634, 17%) represents mRNAs lacking the 5 ALYREF binding, with the GOLGA8A mRNA as a typical example ( Figure 2D ). In the third category, ALYREF binding at the 3 is specifically missing (1186, 32%), with the HNRPDL mRNA as an example ( Figure 2E ). The fourth category represents mRNAs (384, 11%) harboring ALYREF bindings in the middle region, but not in the 5 and the 3 region, with the ZFAND5 mRNA as a typical example ( Figure 2F ). In the last category (222, 6%), ALYREF binds mRNAs at both the 5 and the 3 regions, but not at the middle region, exemplified by the UHMK1 mRNA ( Figure 2G ). Together, these data demonstrate that ALYREF binding on mRNAs are heterogeneous. 
CBP80 mainly facilitates ALYREF binding at the 5 region of the mRNA
Previous studies in HeLa nuclear extracts revealed that the 5 cap facilitates TREX recruitment through the interaction between ALYREF and CBP80, which is the large subunit of CBC (20) . To investigate how the 5 cap/CBP80 affects ALYREF binding globally, we carried out ALYREF iCLIP in cells depleted of control or CBP80 (Supplementary Table S2). CBP80 was efficiently depleted as revealed by western blotting analysis ( Figure 3A) . Depletion of CBP80 significantly reduced ALYREF binding at the 5 region (Figure 3C ), indicating that CBC plays a key role in recruiting ALYREF to the 5 region of the mRNA in the cells. Notably, ALYREF binding at the middle and the 3 regions was also reduced to some extent ( Figure 3C ), suggesting that CBP80 might also moderately affect ALYREF binding at the these regions of the mRNA.
PABPN1 down-regulation specifically affects the 3 ALYREF binding
We next sought to investigate how ALYREF is recruited to the 3 end of the mRNA. In the previous study, no ALYREF binding was observed at the 3 end region of in vitro transcribed mRNAs that neither were polyadenylated nor contained a polyA tail (20) . We speculated that the nuclear polyA-binding protein (PABPN1) might be involved in ALYREF recruitment to the 3 end of the mRNA. To examine this possibility, we carried out ALYREF iCLIP in PABPN1 knockdown cells ( Figure 3B , Supplementary Table S2), and compared ALYREF binding sites with those in the control cells. As shown in Figure 3C , PABPN1 knockdown moderately, but specifically, attenuated ALYREF binding at the 3 region ( Figure 3B and Supplementary Figure S3) . These results suggested that PABPN1 is specifically involved in ALYREF recruitment to the 3 region of the mRNA.
CstF64 directly interacts with ALYREF and is required for overall ALYREF binding
Considering that PABPN1 knockdown only led to moderately reduced ALYREF binding at the 3 end region, we speculated that the 3 processing factors might also facilitate this ALYREF binding. To identify possible associations of ALYREF with the 3 processing factors, we carried out IP with the ALYREF antibody from RNase-treated HeLa cell lysate, followed by western blotting with antibodies to 3 processing factors (Supplementary Figure S4) . We found that CstF64, a component of the CstF complex, but not components of the CPSF complex, including CPSF1 and CPSF3, was co-immunoprecipitated with ALYREF ( Figure 4A , upper panel; Supplementary Figure  S4 ). Reciprocal IP with an antibody to CstF64 showed that ALYREF was specifically co-precipitated by the CstF64 antibody, but not the IgG ( Figure 4A , lower panel), indicating that ALYREF associates with CstF64 in the cells. Note that this association is supported by a previous study that identified ALYREF as a Flag-CstF64-associating protein (41) .
To examine whether the interaction between ALYREF and CstF64 was direct, we carried out GST pull-down using purified recombinant proteins. Coomassie stained gels showed that GST-ALYREF, but not the control GST-eIF4A3 or GST, reproducibly pulled down His-CstF64 ( Figure 4B ). As an additional control, a His tagged control protein that has similar molecular weight to CstF64, was not pulled down by GST-ALYREF ( Figure 4C ). These data demonstrate a direct interaction between ALYREF and CstF64. To investigate whether CstF64 affects ALYREF binding on the mRNA, we carried out ALYREF iCLIP in CstF64 knockdown cells. Note that CstF64 , the CstF64 paralog with overlapping functions, was co-knocked down ( Figure  4D ). In these co-knockdown cells, ALYREF bindings at the 5 , the 3 , as well as the middle regions were all dramatically reduced in two biological replicates ( Figure 4E ; Supplementary Table S3 ). Interestingly, similar reductions in ALYREF bindings were observed in these different mRNA regions. These results indicate that CstF64 plays an important role in the overall binding of ALYREF on the mRNA. Together, we conclude that CstF64 interacts with ALYREF and functions in ALYREF recruitment to the mRNA.
Identification of ALYREF-binding motifs that promote mRNA export
We next sought to investigate how ALYREF is recruited to the middle region of the mRNA. ALYREF bindings on exons in the middle regions were highly heterogeneous, even on the same mRNA (i.e. Figure 2C) . We reasoned that specific sequences might be important for ALYREF binding to these exons. To investigate this possibility, we selectively analyzed ALYREF binding sites in the middle region of the mRNA. We compared the occurrences of all possible 5-nt motifs (1024) in ALYREF iCLIP library with those in randomized library of exon sequences in the same genomic regions. This analysis let us identify motifs whose occurrences in iCLIP library were significantly enriched (>2.5-fold) ( Figure 5A ). Sequences of these motifs are shown in Figure 5B .
To examine whether ALYREF binds to these motifs, 5 tandem repeats of the 4 most frequently appeared ones in ALYREF iCLIP library, AGGUA, GGUAA, GUAAG and CUUCG, were used for RNA electrophoretic mobility shift assays (EMSAs). As tandem repeating of AGGUA, GGUAA, and GUAAG resulted in the same sequence, we used AGGUA to represent these three motifs. Incubation of 32 P-labeled, in vitro transcribed AGGUA or CUUCG repeats with GST-ALYREF, but not equal amount of GST itself, led to their lower mobility ( Figure 5C and D, lanes  4-15) . In contrast, equal amount of GST-ALYREF did not cause a detectable shift of a control RNA ( Figure 5D, lanes  1-3) . These results indicate that ALYREF indeed binds to the RNA motifs identified by iCLIP.
To investigate whether these ALYREF binding motifs could promote mRNA export, we inserted the AGGUA or CUUCG repeat into the 3 of ␤-globin cDNA transcript (cG) that otherwise cannot be efficiently exported (18, 27, 42) . As expected, the cG mRNA containing the control motif was largely retained in the nucleus ( Figure 5E , cG-control). In contrast, the cG mRNA containing either AGGUA or CUUCG was apparently accumulated in the cytoplasm ( Figure 5E ). When these motifs were inserted into the Smad cDNA transcripts, similar results were obtained ( Figure 5F ). Note that insertion of these ALYREFbinding motifs did not introduce cryptic splicing of cG or cS mRNAs (Supplementary Figure S2A and S2B ). These data indicate that ALYREF-binding motifs can promote mRNA export.
A correlation between ALYREF-binding motif occurrence and nuclear export of intronless mRNAs
To examine the potential global effect of ALYREF-binding motifs on mRNA export, we purified nuclear and cytoplasm RNAs, followed by RNA-seq. Northern blots with the U6 snRNA and the tRNA probes were used to confirm the purity of nuclear and cytoplasmic RNAs ( Figure  6A ). Note that the nucleocytoplamic RPM ratio (N/C ratio) of the nuclear lncRNA MALAT1 was more than 13 ( Figure 6B ), indicating that our RNA-seq data were reliable. We analyzed the correlation of the occurrences of the ALYREF binding motifs, including AGGUA, GGUAA, GUAAG and CUUCG, with cytoplasmic accumulation of mRNAs. According to the occurrences of these motifs, intronless mRNAs were grouped into three categories (<2, 2-4, and >4 per 1000 nt). In each category, according to the C/N RPM ratio, mRNAs were further separated into four groups (<0.33, 0.33-0.5, 0.5-1 or >1). Significantly, the percentage of mRNAs with C/N ratio greater than 1 increased, whereras that of mRNAs with C/N ratio smaller than 0.33 decreased, along with the increasing motif occurrence (P < 0.05) ( Figure 6C ). These data show a correlation of C/N ratio with the occurrence of ALYREFbinding motifs and support the effect of these ALYREFbinding motifs on genome-wide intronless mRNA nucleocytoplasmic distribution. In contrast to intronless mRNAs, for spliced mRNAs, no similar correlation was observed (P = 0.3) ( Figure 6D ). To experimentally study how ALYREF functions in nuclear export of intronless mRNAs containing ALYREF-binding motifs, we picked five intronless mRNAs with different motif occurrence, ranging from 1.26 to 8.98, and examined how their nucleocytoplasmic distributions were affected by ALYREF depletion ( Figure  6F and G). Interestingly, cytoplasmic accumulations of the intronless mRNAs with motif occurrence greater than 2, including SOX12 and EPM2AIP1, were apparently inhibited by ALYREF knockdown ( Figure 6G ). In contrast, no significant effect was observed with mRNAs with motif occurrence smaller than 2, including RHOB and ITPRIPL2. Although the HIST1H2BG mRNA contains more than 8 motifs/1000 nt, its nuclear export was not significantly affected by ALYREF knockdown. This is consistent with the finding that the mRNA export receptor NXF1 is recruited to histone mRNAs via SR proteins (4) . Together, these data support the possibility that ALYREF-binding motifs promote nuclear export of intronless mRNAs by recruiting ALYREF.
DISCUSSION
In this study, our iCLIP data provide the first global view of the binding of ALYREF, and probably the TREX complex, in mammalian cells. We not only confirmed its binding at the 5 region of the mRNA as previously identified in vitro, but also identified novel bindings at the 3 end as well as at the middle region. Furthermore, our study reveals distinct mechanisms for ALYREF bindings at different regions. 
Multiple binding regions of ALYREF/TREX on the mRNA in vivo
In the current model for TREX recruitment, CBP80 interacts with ALYREF and facilitates TREX recruitment to the 5 region of the mRNA (20) . This model mostly bases on studies using in vitro transcribed mRNAs without a polyA tail. Consistent with these in vitro studies, our iCLIP data show that ALYREF binding is indeed enriched at the 5 region in vivo, and depletion of CBP80 significantly reduced this enrichment. Different from in vitro studies demonstrating that ALYREF mostly binds to the first exon (20) , we found that in vivo the 5 ALYREF peak was beyond the first exon. Three possible reasons might have caused this inconsistency. First, in the previous study, lack of ALYREF binding at the middle and the 3 region of in vitro transcribed RNAs might have caused the 5 shift of the 5 ALYREF binding peak. Second, the technique of iCLIP might result in the seemingly attenuated ALYREF binding at the very end of the 5 , as the 5 cap could interfere with the circulation of the RNA fragment. Third, it is also possible that in vitro conditions did not loyally reflect the ALYREF binding in vivo. Further studies are needed to investigate these possibilities. Our study identified a novel ALYREF-binding region very close to the 3 end of the mRNA. This binding peak was not identified in the previous study possibly because the reporter mRNAs used for mapping TREX binding sites neither were polyadenylated nor contain a polyA tail. Consistent with this possibility, we found that knockdown of either PABPN1 or the 3 processing factor CstF64 clearly influences ALYREF binding at the 3 region.
ALYREF bindings on individual mRNAs are highly variable. Only one third of mRNAs we analyzed harbors ALYREF binding sites on all three regions. Analysis of the nucleocytoplasmic distribution of mRNAs harboring The sequences of motifs with enrichment ratio bigger than 2.5. (C) Purified GST and GST-ALYREF used in EMSA were separated by SDS-PAGE, followed by Coomassie staining. (D) 0.1 pmol of 32 P-labeled RNAs containing 5 tandems repeats of AGGUA or CUUCG were incubated with 0, 3 and 10 pmol of purified GST-ALYREF or GST. The protein-RNA complexes were fractionated on a 5% native-PAGE gel and visualized using autoradiography. The position of free RNAs and protein-bound RNAs are indicated. As another control, same amount of the RNA containing five tandem repeats of UAAAA was incubated with GST-ALYREF. (E) Schematic of the ␤-globin reporter constructs. The CMV promoter, BGH polyA sites and the location of the FISH probe (vector probe) that detects a region of pcDNA3 vector (indicated by a short green line) are shown. T⑀⑀ constructs were transfected into HeLa cells. 12 h after transfection, FISH was preformed to detect the indicated mRNAs. DAPI staining was used to indicate the nuclei. N/T ratios were determined for 30 cells per construct in each experiment. The graph shows the average N/T ratios from three independent experiments, and error bars indicate the standard deviations. Statistical analysis was performed using Student's t test. **P < 0.01; ***P < 0.001. (F) Same as (E), except that Smad DNA constructs were used. Chi-square tests were used to determine the association between occurrences of ALYREF binding motif and C/N ratio, P < 0.05. (D) Same as (C), except that statistical analysis on spliced mRNAs, Chi-square test, P = 0.3. (E) Western blotting to examine the purities of nuclear and cytoplasmic fractions from Cntl and ALYREF knockdown cells. HeLa cells were transfected with control and ALYREF siRNA for 72 hrs before nuclear and cytoplasmic fractions were prepared. UAP56 and GAPDH were used as nuclear and cytoplasmic makers, respectively. (F) The motif numbers (motif#) and occurrence (motif OC, motif numbers per kilobase of mature mRNA) of the five intronless mRNAs are shown. The mRNAs containing less than 2 motifs per kilobase are colored in blue, and those containing more than two motifs per kilobase are colored in red. (G) N/C ratios of intronless mRNAs in ALYREF knockdown cells relative to those in control cells are shown. HeLa cells were transfected with control and ALYREF siRNA for 72 h before nuclear and cytoplasmic fractions were prepared. Nuclear and cytoplasmic RNAs were extracted followed by RT-qPCRs. Statistical analysis was performed using Student's t test. ***P < 0.001, *P < 0.05.
ALYREF binding site at different regions did not show apparent difference (data not shown). Thus, it seems that as long as ALYREF binds to any of these three regions, the mRNA can be exported. The multiple position binding pattern of ALYREF/TREX might be important for cells to ensure that most mRNAs are exported even they have some specific features unfavorable for TREX binding at a specific region. If this is true, how do the cells ensure that only fully processed mRNAs can efficiently recruit TREX and are exported? Based on our iCLIP data, knockdown of the 3 processing factor CstF64 not only dramatically weakened ALYREF binding at the 3 end, but also significantly reduced its bindings at the 5 and the middle regions. Similarly, CBP80 not only influences ALYREF binding at the 5 region, but also moderately affects its 3 binding. Thus, it is possible that in most cases, only when all processing steps are completed, ALYREF/TREX could be efficiently recruited to different regions of the mRNA. It is puzzling how proteins bound at the 3 end affect ALYREF binding at the 5 end, or versus. It was reported that mature mRNPs form a looped structure (43) . In this way, the 5 and the 3 ends of the mRNP might be able to crosstalk with each other and facilitate ALYREF/TREX binding on each other.
The Linkage between 3 processing and mRNA export
Up to date, multiple linkage have been identified between machines in 3 processing and mRNA export (6, 22, 23) . Whether these linkages are important for TREX recruitment globally remains unclear. Here, we found that CstF64 directly interacts with ALYREF and plays critical roles in transcriptome-wide ALYREF/TREX recruitment to the mRNA. Among the three factors we examined, CstF64 had the most significant effect on ALYREF binding. What could be the physiological relevance for 3 processing factors affecting overall bindings of mRNA export factors? Polyadenylation can be considered as the final premRNA processing step, whereas CBC probably binds premRNAs as soon as the mRNA is capped. Upon maturation, ALYREF is recruited via its interaction between CBC. If this cap/CBC-mediated ALYREF recruitment was not affected by other pre-mRNA processing steps, the mRNA could be exported no matter whether it is appropriately spliced and polyadenylated or not. However, this is not the case. Previously, it was shown that both TREX recruitment and mRNA export depends on efficient splicing (5, 20) . Here, our data showed that knockdown of the 3 processing factor CstF64 significantly weakens the overall binding of ALYREF, including the 5 region. In yeast, Yra1 interacts with Pcf11, a component of the cleavage and polyadenylation factor IA (CF IA), and is involved in pre-mRNA 3 end processing and in transcription termination (6) . However, Yra1 mainly binds to the 5 half of the mRNA (19) . It remains unclear why the Yra1-Pcf11 interaction did not result in 3 Yra1 binding in yeast. Nevertheless, this splicing and polyadenylation-dependent ALYREF/TREX binding would ensure that only fully mature mRNAs can be efficiently exported. In addition, polyadenylation-dependent ALYREF/TREX binding could also make contribution to nuclear export of intronless mRNAs as well as cDNA transcripts.
ALYREF-binding motifs promote mRNA export
We identified multiple ALYREF binding motifs in the middle region of mature mRNAs. Reporter mRNA export assay indicate that these motifs promote export of intronless mRNA, but not spliced mRNA. A recent study reported that ␤-globin cDNA transcript contains nuclear retention elements and splicing probably overcomes this retention elements (44). Thus, it is possible that the ALYREF-binding motifs we identified also facilitate in overriding the nuclear retention signals. The role of ALYREF-binding motif in promoting mRNA export was also supported by genomewide sequencing data as well as qRT-PCR results of endogenous intronless mRNAs. Previously, it was reported that intronless mRNAs recruit mRNA export factors via cis-acting elements, including CAR-E (45-50). However, ALYREF-binding motifs we identified here are not similar to CAR-E (Supplementary Figure S5) . Furthermore, these studies were mostly carried out with individual mRNAs and might not reflect a general rule for intronless mRNA recruiting mRNA export factors. In addition, most of these motifs were not directly bound by mRNA export adaptors. In this study, we only picked several motifs for examination of ALYREF-binding and export functions, it is highly possible that more, and even stronger ALYREF-binding motifs exist in human genomes. Further studies are needed to explore these possibilities.
